Small cell lung cancer (SCLC) is an aggressive malignancy characterized by early metastasis, rapid development of resistance to chemotherapy and genetic instability. This study profiles DNA methylation in SCLC, patient-derived xenografts (PDX) and cell lines at single-nucleotide resolution. DNA methylation patterns of primary samples are distinct from those of cell lines, whereas PDX maintain a pattern closely consistent with primary samples. Clustering of DNA methylation and gene expression of primary SCLC revealed distinct disease subtypes among histologically indistinguishable primary patient samples with similar genetic alterations. SCLC is notable for dense clustering of high-level methylation in discrete promoter CpG islands, in a pattern clearly distinct from other lung cancers and strongly correlated with high expression of the E2F target and histone methyltransferase gene EZH2. Pharmacologic inhibition of EZH2 in a SCLC PDX markedly inhibited tumor growth.
INTRODUCTION
Despite an encouraging decline in lung cancer cases in the United States due, in large part, to a decreasing prevalence of tobacco use, lung cancer remains the number one cancer killer and is expected to remain so for some time. 1 Worldwide tobacco use trends point to an increase in lung cancer cases and deaths, particularly in underdeveloped and developing countries. 1, 2 A subset of lung cancers representing 10-15% of cases is classified as small cell lung cancer (SCLC), 1,3 typified by rapid proliferation, a high rate of early metastasis and extreme lethality; 2/3 of SCLC patients present with metastatic disease and have a 5-year survival rate of o1%. 4 The primary standard of care for patients with advanced SCLC has remained the same for over 30 years: a combination of the cytotoxic compounds cisplatin and etoposide. 5, 6 Two recent comprehensive genomic analyses have identified potential genetic drivers of SCLC. 7, 8 One interesting outcome from these studies was the identification of hotspot mutations in a number of known chromatin modifiers including the histone acetyl transferase genes CREBBP and EP300, as well as epigenetic readers such as those encoded by MLL and MLL2. The effects of these alterations on site-specific DNA methylation and target gene expression have not been defined. A large-scale effort by The Clinical Lung Cancer Genome Project (CLCGP) to develop a genomics-based classification of human lung tumors has proven insightful in correlating specific genetic lesions with lung cancer subtypes and clinical outcomes. 9 Although comprehensive in their genetic analysis, these several studies did not explore the role that epigenetics may have in SCLC etiology and classification.
A primary mechanism of epigenetic regulation of gene expression is DNA methylation. Hypermethylation of CpG islands associated with regulatory elements controlling gene expression can drive secondary recruitment of histone modifications, together leading to stable gene silencing. Several studies have demonstrated that key pathways can be altered in cancers by distinct mechanisms, including mutation, deletion and DNA methylation. [10] [11] [12] [13] A clearer understanding of the patterns of DNA methylation in SCLC may yield cancer-specific biomarkers and help to identify clinically actionable drug targets and pathways through integrated genetic and epigenetic analysis.
Kalari et al. 14 performed a study of DNA methylation patterns in 18 primary SCLC tumors and five SCLC cell lines using a targetspecific CpG island promoter array. This study identified DNA methylation peaks in 73 genes specific to SCLC with a significant representation of neuroendocrine-specifying transcription factor genes including NEUROD1, HAND1, ZNF423, REST, as well as polycomb genes such as the HOXD cluster, but was not able to reliably differentiate tumor from normal lung. This study was further limited by relatively low resolving power of the technique used, 15 and by the lack of complementary genetic analysis of these samples. The present study sought to substantially extend our understanding of genome-wide DNA methylation in SCLC at single base resolution by performing Illumina Human Methylation 450k analysis on a set of 47 extensively characterized SCLC samples, including 34 fresh-frozen primary SCLC tumors with available exome mutation, copy number and RNA-seq data as well as six distinct primary patient-derived xenografts and seven cell lines ( Supplementary Table S1 ). 7 Twenty-four of the primary SCLC tumors had matched normal lung control DNA available for analysis.
Using these complementary data sets, we show that SCLC primary xenografts are epigenetically more similar to primary SCLC than are cell lines, identify differentially methylated regions and individual CpG positions that are correlated with gene expression and define epigenetically distinct SCLC subtypes among primary patient samples that may have important therapeutic and diagnostic implications. SCLC is a disease that is characterized by extreme plasticity and cloning capacity consistent with a high level of stemness. 16 We identified EZH2, a member of the PRC2 complex that promotes trimethylation of histone H3 lysine 27 (H3K27me3) and self-renewal as being both highly expressed in SCLC and strongly correlated with overall promoter methylation among many tumor types. Pharmacologic inhibition of EZH2 in LX92, a SCLC PDX, inhibited growth ex vivo and in vivo, providing preclinical evidence for the utility of this class of epigenetic therapy in SCLC.
RESULTS
DNA methylation patterns in models of SCLC Regions of DNA hypomethylation with high variation in both DNA methylation and gene expression have been reported in many human cancers. 17 Consistent with these reports, we observed that DNA methylation levels were widely disparate in primary SCLC samples, PDX tumors and SCLC cell lines compared with normal lung (Supplementary Figure 1A) . To estimate DNA methylation variability within each group, we examined the across-sample standard deviations in DNA methylation β-values for each CpG measured. The proportion of highly variable CpGs is low in normal lung and higher in every other group, consistent with high methylation instability in primary samples that is also present in both PDX and cell lines ( Figure 1a ).
We hypothesized that DNA methylation patterns could discriminate between normal lung, primary SCLC, PDX and cell lines. Principal component analysis demonstrated that tissue-specific DNA methylation in lung was consistent between samples in contrast to DNA methylation in cancer samples, which was more variable (Figure 1b ). Four of six PDX clustered with primary SCLC samples, whereas 7/7 cell lines fell outside of this cluster. All primary SCLC and PDX could be differentiated from cell lines by just two principal components, which account for almost half of the total variance ( Supplementary Figures 1B and C) . To further characterize differences among primary SCLC, PDX and cell lines, we performed unsupervised hierarchical clustering on inter-sample Spearman correlation coefficients and found that all primary normal samples clustered together, whereas primary SCLC also clustered together along with three classic subtype SCLC PDX, LX44, LX47 and LX48 ( Figure 1c ). All seven SCLC cell lines as well as three variant subtypes SCLC PDX, LX22, LX33 and LX36, clustered together. Variant subtype PDX may have clustered with SCLC cell lines due to similarity to the variant cell lines H446 and H82; we have previously reported that these cell lines and PDX share a common neurogenic differentiation program. 18, 19 This finding is consistent with earlier reports suggesting that PDX are more similar to primary SCLC based on gene expression than are SCLC cell lines. 20 We next compared β-values of primary SCLC, PDX and cell lines with normal lung and plotted the concordance at the top (CAT) of the ranked probe list obtained from primary SCLC with those obtained from either PDX or cell lines. Although both PDX and cell lines were 480% concordant with primary SCLC at the top of the ranked probe lists, cell line concordance dropped off rapidly with increasing probe list size, whereas PDX maintained high concordance with primary SCLC (Figure 1d ). 21 Using a significance cutoff on the basis of the concordance at the top plot (qo 1 × 10 − 6 ) to select significant CpG sites as opposed to a rank order approach, we confirmed that PDX maintained 98% concordance with primary SCLC, whereas cell lines appear to accumulate divergent DNA methylation over time as a result of epigenetic drift and adaptation to cell culture (Figures 1e and f). Of note, several of these PDX models are of unknown high passage, yet still maintain high concordance with primary tumors. These data suggest that the irreversible changes in gene expression caused by long-term culture ex vivo may be driven in part by epigenetic dysregulation not observed when tumors are continuously passaged exclusively in mice.
Differential methylation between SCLC and normal lung
Of the differentially methylated CpG sites ( Supplementary Table S2 , Supplementary Figure 2A ), the majority of CpGs were hypomethylated in SCLC relative to normal lung; however, the most significant methylation events were predominantly hypermethylated in SCLC (Figure 2a ). Concordance of both PDX and cell lines with primary SCLC was strongly correlated with the fraction of differentially methylated CpGs that were methylated compared with normal lung (Supplementary Figure 2B ). Probes associated with CpG island-containing promoters on the Illumina 450k platform are concentrated within 500 bp of the transcription start site (TSS).
Figure 2.
Characteristics of differential methylation between SCLC and normal lung. (a) CpG methylation vs normal lung in each group decreases as a function of the size of the ranked gene list considered increases, indicating that the majority of significant differences are methylation events. (b) CpGs hypermethylated in SCLC are more likely to be located immediately upstream of the TSS or within the first exon than hypomethylated CpGs, which are distributed more evenly throughout the promoter region (P o0.0001, two-tailed Wilcoxon rank-sum test). (c) CpG methylation is predominantly negatively correlated with gene expression, comprising 73% of differentially methylated CpGs. (d) Hypomethylated CpGs that are associated with gene expression are significantly more likely to be found in gene bodies than are hypomethylated CpGs associated with silencing (P = 0.016, two-tailed Wilcoxon rank-sum test). (e) Methylation in the first exon of BCL2 is strongly correlated with gene expression silencing. BCL2 methylation may be one mechanism by which some SCLC tumors lack expression of BCL2 (P o0.0001, Spearman correlation test). (f) BCL2 methylation in SCLC PDX is strongly associated with silencing of Bcl-2 protein expression in variant subtype models as measured by western blot.
Significantly hypermethylated CpGs tend to follow a similar distribution within 500 bp of the TSS, whereas significantly hypomethylated sites are distributed over a wider range upstream of the TSS (Figure 2b ), consistent with reports of general promoter hypomethylation accompanied by cancer-specific hypermethylation proximal to the TSS in bisulfite sequencing data. 22 To characterize the significance of promoter methylation on gene expression, the Spearman rank correlation between the β-value at each CpG for every sample and the expression of the gene associated with that promoter was calculated. DNA methylation events that are strongly correlated with alterations in gene expression were calculated among samples where both Illumina 450k and RNA-seq data were available ( Supplementary  Table S3 ). Average fold change in gene expression is plotted vs differential β-value and summarized in Figure 2c . Among significantly hypomethylated CpGs, a distinct bimodal distribution is observed in those associated with high gene expression in contrast to those with apparent silencing, suggesting that demethylation in the gene body is associated with actively transcribed genes. Hypomethylated CpGs associated with high gene expression were more likely to be observed downstream of the TSS in expressed genes than hypomethyated CpGs associated with silenced genes, which predominantly cluster immediately upstream of the TSS (Figure 2d ).
Four hundred and ninety-four ranges comprising 4033 unique CpGs were identified as significantly differentially methylated using a 'bump hunting' approach ( Supplementary Table S5 ). 23 The number of probes on the Illumina 450k array limits this general approach to interrogating 27% of probes in 12 502 clusters; however, it is useful for finding regions with consistent tumorspecific differences in local methylation. When comparing the regions identified with those reported in Kalari et al., 32/65 (49%) significant ranges were identified in our data set, while 462 additional unique ranges were detected (Supplementary Figures  2C and D) .
One of the most differentially methylated genes in small cell lung cancer in comparison with normal lung that is also strongly correlated with gene expression is the oncogene BCL2 (Figure 2e ; Supplementary Table S4 ). This gene is methylated and silenced in normal lung, but shows substantial variability among primary samples and PDX. We have previously reported that BCL2 message and its protein product Bcl-2 are more frequently highly expressed in classic subtype than in variant subtype SCLC PDX. We therefore compared methylation levels of BCL2 methylation with Bcl-2 protein expression across three PDX of each subtype and found that Bcl-2 was only detectable in classic subtype PDX, associated with minimal DNA methylation ( Figure 2f ). Upregulated BCL2 expression in classic subtype SCLC may be driven primarily by epigenetic mechanisms. 24 We also found methylation and inactivation of two tumor suppressor genes, TCF21 (Supplementary Figure 2E) , also identified by Kalari et al., and RB1. 25 RB1 loss of function is typically by a combination of copy loss and mutation. In cases where these mutations are not fully inactivating, silencing by promoter methylation may have a role in further suppressing RB1 expression ( Supplementary Figures 2F and G) .
DNA methylation profiling defines distinct subtypes of SCLC We hypothesized that disease subtypes characterized by differential DNA methylation and gene expression could be present among the primary SCLC samples in this study. We applied k-means consensus clustering to DNA methylation and gene expression data among primary SCLC samples. Three distinct groups are observed at both the DNA methylation and gene expression levels (Figures 3a and b) . We refer to the three principal methylation clusters identified here as SCLC M1, M2 and SQ-P subgroups and the gene expression clusters as SCLC E1, E2 and SQ-P. Interestingly, extensive model tuning and silhouette analysis indicated the presence of a single, highly stable cluster closely related to a primitive phenotype gene expression cluster previously identified among lung cancers histologically identified as squamous cell lung cancer. This approach has also been applied to classification of other lung tumor types. 9, 26 The SQ-P tumors in our tumor set originated from multiple cancer centers and were verified as SCLC by a thoracic pathologist. Other clustering solutions and model tuning approaches were explored, as described in detail in Materials and Methods; however, values of k43 significantly decrease the quality of clustering of samples outside of the SQ-P cluster, whereas SQ-P cluster membership remains stable up to more than five groups ( Supplementary Figure 3) . Notably, 6/6 gene expression samples in the SQ-P cluster were concordant with the corresponding DNA methylation cluster, confirming that the methylation patterns observed are clearly tied to gene expression ( Figure 3c ).
We examined DNA methylation patterns among the CpG sites with the highest variance and found that the cluster identified as SQ-P had what appeared to be overall lower methylation compared with the SCLC M1 and M2 subgroups (Figure 4a ). We explored the possibility that CpG probe intensities could be affected in the SQ-P subset by tumor purity, a hypothesis that our data did not support. Increased methylation in the SCLC M1 and M2 subtypes can be visualized genome-wide in the density plot shown in Figure 4b and the mean promoter methylation scatter plot in Figure 4c . Consistent hypermethylation is present in M1 and M2 subtypes both genome-wide at single-nucleotide resolution as well as when considering average methylation of promoters. Dilution of the SQ-P subtype by admixture with normal lung tissue or immune infiltrate could be expected to increase the methylation of some promoters while decreasing others; however, DNA methylation was consistently increased in SCLC M1 and M2 subtypes relative to SQ-P. We plotted the number of methylated promoters in each subtype and found that the number of methylated promoters was significantly lower in the SQ-P subtype compared with all other subtypes (Figure 4d ). We further identified which CpG sites were significantly differentially methylated between the SQ-P subtype and SCLC M1 and M2, and among this subset of sites found that the SCLC M1 and M2 subtypes were significantly more frequently methylated (Figure 4e ). Significantly differentially methylated CpG sites were also significantly more likely to be found in CpG islands in SCLC M1 and M2 than in the SQ-P subtype (Figure 4f ), whereas the SQ-P displayed a nonsignificant trend toward increased methylation in LINE repeats (P = 0.075) that may reflect lack of statistical power due to the relative low coverage of CpG probes in these regions (Figure 4g ). Other groups have identified a CpG island methylator phenotype among various cancer histologies that is often associated with a more aggressive tumor and poorer prognosis. [27] [28] [29] [30] [31] DNA promoter methylation levels in SCLC are among the highest of any tumor type when compared with samples found in The Cancer Genome Atlas (TCGA), suggesting that this increased methylation level is biologically significant within the spectrum of human cancer (Figure 4h ). . SCLC promoter methylation is higher in the SC-M1 and SC-M2 subgroups than in the SQ-P primitive squamous-like subtype or the majority of tumors in TCGA. (a) Unsupervised clustering of the most highly variable CpGs was consistent with consensus clustering approaches. The SCLC subtypes M1 and M2 had consistently higher DNA methylation. (b) Genome-wide CpG methylation is consistently higher in SCLC M1+M2 than SQ-P. (c) Average DNA methylation within promoters is also lower in SQ-P. (d) The number of methylated promoters in each sample is significantly lower in the SQ-P subtype than in other SCLC subtypes (Wilcoxon rank-sum test) (e) Global CpG methylation levels are consistently lower in SQ-P than other subtypes of SCLC (binomial distribution test). (f and g) Of the significantly differentially methylated CpGs between SQ-P vs other SCLC, the frequency of methylated CpGs in CpG island-containing promoters is significantly lower in SQ-P (proportionality test), whereas there is a trend of increased methylation in repetitive elements in SQ-P that fails to reach statistical significance. (h) Average methylation in CpG island-containing promoters in SCLC is among the highest of any tumors in TCGA, including tumor types with defined genetic mechanisms for genome-wide hypermethylation.
Interestingly, the hallmark SCLC genetic lesions including TP53 mutation and RB1 inactivation are present in all subtypes (Figure 5a ). We have previously reported that expression of two genes, NEUROD1 and ASCL1, can accurately predict classic vs variant subtype SCLC cell lines and PDX. 18 Differential expression analysis between SCLC E1 and E2 gene expression subgroups demonstrated that these genes follow a similar pattern in primary SCLC samples (Figure 5b ). NEUROD1 expression was high and ASCL1 was low in the E1 subtype, whereas the converse was true in the SCLC E2 subtype ( Figure 5 ; Supplementary Table S6 ).
EZH2 expression is high in SCLC and correlates with high promoter methylation among cancers in TCGA We also examined the genes that were highly expressed among all SCLC subtypes relative to normal lung for candidates that could account for the high levels of promoter methylation in SCLC. The chromatin modifier EZH2 was among the most significantly overexpressed genes in SCLC, expressed 412-fold higher than in normal lung (Figure 6a ; Supplementary Table S7 ). EZH2, a histone methyltransferase component of the PRC2 complex, has been implicated in dysregulation of DNA methylation in cancer through its effects on histone methylation, particularly histone H3 lysine 27 trimethylation (H3K27me3). 32 EZH2 is a known target of E2F, which is activated in SCLC by gene copy loss and loss of function mutations in RB1, the gene encoding the E2F repressor pRB. 33 In addition to the high expression observed in SCLC compared with normal lung, we observed a significant correlation between median EZH2 gene expression and the number of methylated promoters in a given cancer type using data from TCGA (Figure 6b ). Overall, EZH2 expression in SCLC is greater than or comparable to that of any tumor type represented in either TCGA for primary tumors or the Cancer Cell Line Encyclopedia for cell lines (Figure 6c ). High-level EZH2 gene expression associated with increased methylation in CpG island-containing promoters is a common feature of SCLC.
We next asked whether EZH1 and EZH2 protein expression was detectable in a panel of 17 SCLC PDX by western blot (Figure 7a ). Neither protein was universally expressed; however, EZH2 expression was detectable in 15/17 SCLC PDX (88%). We reasoned on the basis of these data that EZH2 could be of interest as a druggable target in SCLC. We therefore treated ex vivo cultures of the LX92 PDX with three EZH2 inhibitors: EPZ-5687, GSK343 and UNC1999 over a period of 7 days and measured cell viability by resazurin conversion over time (Figure 7b ). All three compounds significantly inhibited viability ex vivo. To assess the extent of EZH2 inhibition, we performed western blots for EZH1, EZH2, H3K27me2 and H3K27me3 (Figure 7c ). While all three inhibitors decreased levels of H3K27me3, only EPZ-5687 was able to profoundly decrease H3K27me2 levels, suggesting that this compound is a more potent inhibitor of EZH2 at the doses used.
EPZ-6438 is a more potent and bioavailable derivative of EPZ-5687 for in vivo use. We assessed the efficacy of EPZ-6438 in the LX92 SCLC PDX in vivo. EPZ-6438 was well tolerated (Supplementary Figure S4 ) and demonstrated remarkable efficacy at 100 mg/kg either QD or BID (Figure 7d ). Tumors were collected on day 43 for pharmacodynamic analysis. Protein lysates from tumors were pooled based on treatment group and degree of tumor growth inhibition. EZH1 levels were decreased in all EPZ-5687 treatment groups. Interestingly, the best responding tumors in the BID group showed decreased levels of EZH2 and significant inhibition of both H3K27 di-and trimethylation, demonstrating that antitumor efficacy is consistent with target inhibition (Figure 7e ).
DISCUSSION
Our understanding of cancer genetics has grown exponentially over the last decade with increasing accessibility to high throughput sequencing technology and plummeting costs for data acquisition. It has been estimated that mutations in fewer than 200 genes drive cancer initiation and progression and that the majority of such oncogenic mutations have been identified. 34 Many targeted therapies have been developed for these mutations; however, clinically actionable drug targets are disappointingly rare in SCLC. Targeting approaches on the basis of aberrant gene expression may be more tractable in SCLC. One focused proteomic study identified PARP1 and EZH2 as potential actionable targets. 35 SCLC epigenetics has not been as comprehensively studied as tumor genetics, in part, due to the variety of DNA and histone modifications, chromatin-modifying enzymes, and the relatively scant tissue available from primary patient samples.
DNA methylation profiles of cells grown in culture tend to be distinct from those of primary tissues with both random and highly consistent changes in methylation being observed. 36, 37 In contrast, we found that PDX maintain a DNA methylation pattern consistent with primary SCLC even after multiple passages. This supports our earlier gene expression findings and suggests that epigenetic dysregulation may account, in part, for the irreversible gene expression changes observed in cell lines and cell line xenografts. Gene expression and DNA methylation data have begun to shed light on heterogeneity within lung cancer histologies. 10, 26, 38 SCLC has been historically considered a relatively homogenous disease, supported by near-universal genetic alterations in TP53 and RB1 and a highly representative mouse model generated through conditional loss of these genes. 39 Recent large-scale efforts have attempted to improve the classification of lung cancers on the basis of differential spectra of genetic alterations; primitive squamous and large-cell neuroendocrine tumors being among the histologies most difficult to accurately classify. We observed epigenetically distinct subgroups among histologically and genetically similar SCLC cases from multiple institutions and geographic cohorts that may represent clinically important populations. These subgroups have widely differing transcriptional profiles and can be delineated by differential expression of the neurogenic basic helix-loop-helix transcription factors ASCL1 and NEUROD1, suggesting that primary SCLC can be found along the same spectrum of differentiation found in cell lines and PDX.
Finally, we report striking overexpression of EZH2 in primary SCLC compared with normal lung as well as other primary tumors from TCGA and cell lines from the Cancer Cell Line Encyclopedia.
EZH2 overexpression was correlated with increased promoter methylation across tumor types in TCGA. Various approaches to target EZH2 are being explored including inhibition of the catalytic domain 40 and inhibition of protein-protein interactions to disrupt the PRC2 complex. 41 We explored pharmacologic inhibition of EZH2 in SCLC and demonstrated that EPZ-6438 profoundly inhibited tumor growth in vivo in an SCLC PDX.
These data support further studies of the role that SCLC subtypes have in the clinical course of the disease. Given the exceptionally high level of promoter methylation observed in SCLC, new approaches to epigenetic targeting should be explored, inclusive of targeting EZH2.
MATERIALS AND METHODS

Primary SCLC samples
All clinical samples were extracted in a single batch using the Qiagen (Valencia, CA, USA) All-prep kit. All other samples were extracted from fresh-frozen pellets by the Hopkins Microarray and Deep Sequencing core facility. Aliquots of each sample were examined by agarose gel electrophoresis and spectrophotometry, and determined to be of good quality compared with a genomic DNA reference standard. Figure 6 . EZH2 is among the most significantly differentially expressed genes in SCLC compared with normal lung or other tumor types in TCGA. (a) EZH2 is the second most significantly differentially expressed gene when compared with normal lung control with 412-fold higher expression levels. (b) Median expression levels of EZH2 are significantly correlated with high levels of promoter methylation in SCLC and TCGA data sets (Spearman's rho test of correlation). (c) EZH2 gene expression in SCLC is higher than any other TCGA tumor set and among the highest of any tumor type in the cell lines found in the Cancer Cell Line Encyclopedia (CCLE). 
Methylation beadchip assay
Data acquisition
Raw.idat files were imported using the Bioconductor (http://www. bioconductor.org) suite for R. Methylation levels, β, were represented according to the following equation:
Where M represents the signal intensity of the methylated probe and U represents the signal intensity of the unmethylated probe. Illumina recommends adding the constant 100 to the denominator to regularize β-values with very low values for both M and U. Probe dye bias was normalized using built-in control probes. Data points with a detection P-value o0.01 were dropped. Finally, probes from X and Y chromosomes were excluded, leaving 473 864 unique probes.
Cluster analysis
Principal component analysis was performed on quantile normalized data, excluding normal lung samples. Informative probes with a s.d.40.2 were used for consensus clustering of Ilumina 450 k data. Different clustering algorithms and number of clusters were investigated extensively including k-means, PAM and hierarchical clustering approaches. The solution with the number of clusters reported here is based on cluster stability, silhouette width, the change in the area under the cumulative distribution function and biological significance of predicted subtypes. Scatter plots comparing methylation between two groups represent the average βvalue at each probe for that group with color values indicating density after two-dimensional kernel density smoothing.
Differential methylation and gene expression
The difference in DNA methylation β-value was taken between each primary SCLC sample and its patient-matched normal lung. A linear model was fit to the remaining probes and P-values were calculated and adjusted by the method of Bonferroni. A q-value cutoff of 0.05 was used resulting in Figure 7 . Pharmacologic inhibition of EZH2 in SCLC inhibits growth in vitro and in vivo. (a) EZH1 and EZH2 are consistently expressed in a panel of SCLC PDX as measured by western blot (b) Ex vivo growth of the SCLC PDX LX92 is significantly inhibited by the EZH2 inhibitors EPZ-5687, GSK343 and UNC1999 as measured by resazurin conversion (two-way analysis of variance, adjusted for multiple comparisons by the method of Dunnet) (c) Western blot analysis of day 7 lysates from LX92 tumors treated with various EZH2 inhibitors. (d) In vivo growth of the SCLC PDX LX92 is significantly inhibited by the EZH2 inhibitor EPZ-6438. (e) Western blot analysis of end point LX92 tumor lysates treated with various EPZ-6438 treatment schedules. Tumors with growth inhibition greater than the median (TGI 4 median) for each treatment group were pooled separately from those with less robust response (TGI o median) to assess correlation between TGI and pharmacodynamic response. TGI, tumor growth inhibition.
1689 significantly differentially methylated CpG sites. Differentially methylated regions were identified as previously described. 23 For gene expression analysis, RNA-seq counts were converted to log2 counts per million and correlated by the Spearman method to β-values of differentially methylated CpGs. Concordance at the top plots were generated by comparing the concordance between different contrasts at the top of the list of differentially methylated probes as a function of the size of the ranked probe list.
Patient-derived xenografts PDX were propagated as previously described with the addition of a dissociation step using a gentleMACS automated dissociator and human tumor dissociation kit (Miltenyi, San Diego, CA, USA). 20 LX lines were derived at Johns Hopkins University. Lu lines were obtained from Stem CentRx, Inc (San Francisco, CA, USA). PDX identity was confirmed by Short Tandem Repeat analysis using the PowerPlex 18 panel (Promega, Madison, WI, USA; DDC Medical is Fairfield, OH, USA). The LX92 PDX model was engrafted from fresh tumor tissue in 6-8-week-old female athymic mice (Hsd:Athymic-Nude: Foxn1 nu ). Briefly, 5 × 10 6 viable cells/mouse were injected with a 1:1 mix of Hank's balanced salt solution and matrigel basement membrane (Corning, Corning, NY, USA) as a final volume of 100 μl subcutaneously into the right hind flank. Mice were randomized to treatment arms once tumors reached 150 mm 3 . EPZ-6438 was purchased from ActiveBiochem and formulated in 0.5% NaCMC w/ 0.1% Tween-80 in water. Twice-daily (b.i.d.) dosing was done on a 1000 h/1600 h schedule, Monday through Friday. Tumor volumes and mice weights were measured twice weekly. Tumor tissues used for western blot were collected 2 h after the final dose.
Ex vivo cell culture PDX were dissociated as above. Single-cell suspensions were filtered through a 70-μm mesh, washed twice with wash buffer (phosphatebuffered saline, 2% fetal bovine serum and 1 mM EDTA) and red blood cells were lysed with ACK buffer (Crystalgen Inc., Commack, NY, USA). Approximately 1 × 10 6 viable cells were seeded in 10 ml of DMEM:F12 supplemented with an EGM-2 growth factor kit (Lonza, Basel, Switzerland). Once cultures were established (~72 h post dissociation), 96-well plates were seeded with 5000 cells/well in 100 µl of ex vivo culture media and the following compounds were administered daily to a final concentration of 1µM: DMSO (vehicle), EPZ-5687, GSK343 or UNC1999 (Selleck Chemicals, Houston, TX, USA). Resazurin conversion of alamarBlue (Invitrogen, Carlsbad, NY, USA) was monitored on a Synergy Neo HTS plate reader (Biotek, Winooski, VT, USA).
Western blotting
Protein was extracted using RIPA buffer supplemented with Halt protease and phosphatase inhibitor cocktails (Pierce, Rockford, IL, USA). Extraction of nuclear proteins required three sequential 5-s pulses at 65% amplitude using a 120-W needle-tip ultrasonic processor (Fisher Scientific, Pittsburgh, PA, USA). The following antibodies were used for western blot according to the manufacturer's recommendations: EZH1 (Thermo, Waltham, PA, USA; #PA1-41114), EZH2 (Cell Signaling, Danvers, MA, USA; #5246), β-actin (Cell Signaling; #4967), H3K27me2 (Cell Signaling; #9728), H3K27me3 (Cell Signaling; #9733) and total H3 (Cell Signaling; #4499).
Public data
RNA-seq, copy-number variation and mutation data are previously described and available at the European Genome-phenome Archive (EGAS00001000334). 7 TCGA samples used for this study are listed in Supplementary Table S8 .
